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Effect of plant root symbionts on performance of native woody 
species in competition with an invasive grass in multispecies 
microcosms


































associations	 has	 important	 implications	 for	 ecological	 theory	 and	 for	 restoration	
practice.	Here,	we	tested	whether	the	presence	of	AMF	and	rhizobia	influences	the	
performance	of	native	woody	plants	invaded	by	a	non-	native	grass	in	experimental	
microcosms.	We	planted	eight	plant	 species	 (i.e.,	Acacia acuminata,	A. microbotrya,	
Eucalyptus loxophleba subsp. loxophleba, E. astringens, Calothamnus quadrifidus,	
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1  | INTRODUC TION
Mutualistic	 associations	 between	 soil	 organisms	 and	 plants	 are	
common	 in	 nature,	 particularly	 those	 involving	 mycorrhizal	 fungi	
and	 rhizobia	 (Schupp,	 Jordano,	&	Gómez,	2017).	These	plant	 sym-
bionts	 can	 strongly	 influence	 dynamics	 of	 plant	 communities.	 For	
example,	rhizobia	have	been	reported	to	contribute	to	aboveground	
plant	 productivity	 and	 plant	 community	 evenness	 (Barrett,	 Bever,	





(Bauer,	 Blumenthal,	 Miller,	 Ferguson,	 &	 Reynolds,	 2017).	 Indeed,	
Klironomos	 et	al.	 (2011)	 have	 suggested	 that	mycorrhizal	 associa-
tions	could	be	as	important	as	herbivory	or	competition	for	structur-
ing	plant	communities.
In	 recent	 years,	 soil	 microbial	 communities	 have	 widely	 been	






to	 native	 plants	 against	 invasive	 Potentilla	 (Callaway,	 Montesinos,	
Williams,	&	Maron,	2013).	Additionally,	biotic	resistance	conferred	
by	soil	pathogens	was	reported	by	Knevel,	Lans,	Menting,	Hertling,	
and	van	der	Putten	 (2004)	 for	 invasive	dune	grass	Ammophila are-
naria	 in	 South	 Africa.	 Thus,	 soil	 microbes	may	 enhance	 biotic	 re-
sistance	of	plant	communities	 to	weed	 invasion	and	 in	 turn	affect	
community	structure.
The	role	of	plant	root	symbionts	in	invasion	success	has	received	
increasing	 attention	 (Birnbaum,	 Bissett,	 Thrall,	 &	 Leishman,	 2016;	
Klock,	Barrett,	Thrall,	&	Harms,	2015;	Shelby	et	al.,	 2016;	Stampe	
&	 Daehler,	 2003;	 Wandrag,	 Sheppard,	 Duncan,	 &	 Hulme,	 2013).	
An	 absence	of	 ectomycorrhizal	 fungi	 has	been	 reported	 to	hinder	






been	 suggested	 to	 facilitate	 legume	 establishment	 success	 in	 the	
introduced	 (invasive)	 ranges	 (Rodríguez-	Echeverria,	2010).	Overall,	
these	and	other	studies	show	that	plant	root	symbionts	play	import-
ant	roles	as	gate-	keepers	to	plant	community	membership.
Understanding	 the	 contribution	 of	 plant	 root	 symbionts,	 their	
interactions,	 and	 their	 linkages	 to	 plants	 as	 determinants	 of	 plant	
community	structure	has	important	implications	for	ecological	the-
ory	 (Lambers	 et	al.,	 2017).	 Beyond	 these	 theoretical	 implications,	






munity	 that	 is,	 in	 turn,	 resistant	 to	 reinvasion	 by	 the	weedy	 spe-
cies.	Overcoming	the	resistance	of	the	resident	weedy	community	
might	 be	 challenging	 if	 it	 is	 coupled	with	 land-	use	 legacies	 in	 soil	
(Kulmatiski,	Beard,	Stevens,	&	Cobbold,	2008)	or	soil	conditioning	by	
invasive	species	 (Hawkes,	Wren,	Herman,	&	Firestone,	2005;	Vink	










established	 to	determine	 the	 relationship	between	 the	 species	di-
versity	of	woody	plants	and	ecosystem	functions	in	restoration,	and	








among	native	woody	plant	species	 from	Fabaceae	 that	 form	asso-
ciations	with	both	symbionts	and	Myrtaceae	that	form	association	
with	AMF	over	Proteaceae	that	do	not	form	associations	with	these	
symbionts	 and	 b)	 be	 beneficial	 to	 Fabaceae	 and	Myrtaceae	 in	 re-
sisting	the	Bromus diandrus	invasion,	whereas	not	affect	response	of	
Proteaceae	to	invasion	in	our	experimental	microcosms.
2  | MATERIAL S AND METHODS
2.1 | Study system
The	 Ridgefield	 Experiment	 (32°29′S,	 116°58′E)	 includes	 na-
tive	 plant	 species	 Acacia acuminata	 Benth.	 and	 A. microbot-
rya	 Benth.	 (Fabaceae);	 Eucalyptus loxophleba	 Benth.	 subsp. 
K E Y W O R D S
invasion,	legumes,	old-field	restoration,	plant–soil	interactions,	symbiosis
     |  3BIRNBAUM et Al.
loxophleba	(henceforth	E. loxophleba),	E. astringens	(Maiden)	Maiden,	
Calothamnus quadrifidus	 R.Br.,	 and	 Callistemon phoeniceus	 Lindl.	
(Myrtaceae);	 and	 Hakea lissocarpha	 R.Br.	 and	 H. prostrata	 R.Br.	
(Proteaceae).	We	used	all	eight	species	in	our	experiment.	The	Acacia 
species	associate	with	both	AMF	and	rhizobia.	The	four	myrtaceous	







phates	 (e.g.,	 iron	 phosphate	 and	 rock	 phosphate)	 in	 phosphorus-	
impoverished	ancient	landscapes	(Lambers,	Raven,	Shaver,	&	Smith,	
2008).
The	 invasive	 species	Bromus diandrus	Roth	 (Poaceae)	occurs	 in	
and	around	the	Ridgefield	Experiment.	It	is	a	Mediterranean	annual	
C3	grass	introduced	to	Australia	circa	1875	from	the	Mediterranean	
Basin	 as	 a	 contaminant	 of	 crop	 seeds	 or	 wool	 (Brown	 &	 Bettink,	
2009).	 It	 is	 widespread	 in	 Australia,	 California	 (USA),	 Chile,	 and	
New	Zealand	 (Kleemann	&	Gill,	2009;	Parsons	&	Moldenke,	1975;	
Tozer,	Marshall,	 Sedcole,	&	Edwards,	2007).	 In	 southern	Australia,	















Blaszkowski,	 Kurtyka,	 Malkowski,	 &	 Malkowski,	 2013;	 Orchard,	




on	 the	presence/absence	of	 their	 plant	 root	 symbiont	 (i.e.,	AMF	
and	 rhizobia),	 we	 had	 four	 soil	 treatments	 (+AMF+Rhiz,	 +AMF−
Rhiz,	−AMF+Rhiz,	and	−AMF−Rhiz)	with	and	without	the	invasive	
grass B. diandrus,	 each	 replicated	 four	 times	 (n = 4 × 2 × 4 = 32 
microcosms).	We	predicted	that	 the	two	Acacia	 species	and	four	
myrtaceous	 species	 would	 perform	 better	 with	 access	 to	 their	
plant	 root	 symbiont/s	 (i.e.,	 in	 the	 +AMF+Rhiz	 and	 the	 +AMF−
Rhiz	soil	 treatments,	 respectively)	and	that	 the	 two	proteaceous	 
species	would	 perform	 better	 in	 the	 −AMF−Rhiz	 soil	 treatment.	




Soil	 for	 the	 experiment	 was	 collected	 from	 an	 area	 adjacent	





Seeds	 of	 native	 species	were	 sourced	 from	wild	 populations	
across	 the	wheatbelt	 of	 southwestern	Australia,	 one	 population	
per	 species.	 Seeds	 of	 the	 invasive	 grass	 Bromus diandrus were 















to	 the	soil	 surface	within	each	microcosm	 (250	ml	per	microcosm)	











on	average	 (±1SE),	238	±	7	Bromus	 seedlings	were	harvested	 from	
the	microcosms.
Microcosms	 were	 watered	 to	 field	 capacity	 with	 boiled	 and	
cooled	deionized	water	weekly	and	then	biweekly	as	the	seedlings	
became	 larger.	We	 used	 a	 gantry	 crane	 to	 lift	microcosms	 onto	 a	
balance	 for	 weighing	 and	 watering.	 Nutrients	 were	 not	 added	 to	
the	experiment	to	avoid	interference	and	confounding	plant	growth	
benefits	of	AMF	and	rhizobia.	The	soil	used	in	the	experiment	here	
was	collected	 from	a	plot	 in	 the	Ridgefield	Experiment	with	 these	
soil	chemical	characteristics:	mean	total	N	(%)	0.165	(±0.005),	total	P	
(mg/kg)	253.6	(±9.77),	available	(Colwell)	P	(mg	P/kg)	39.77	(±1.92),	
ammonium	 (mg/kg)	 2.59	 (±0.12),	 and	 organic	 C	 (%)	 1.73	 (±0.05)	
(Perring	et	al.,	2012).
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2.3 | AMF and rhizobia inoculation
We	predicted	that	AMF	and	rhizobia	will	be	beneficial	to	Fabaceae	
and	 Myrtaceae	 in	 resisting	 the	 Bromus	 invasion	 and	 not	 affect	
Proteaceae	 response	 to	 invasion	 in	 our	 experimental	 microcosms.	
We	 had	 access	 to	 AMF	 and	 rhizobia	 from	 agricultural	 soils	 in	
Western	Australia.	 The	AMF	was	Scutellospora calospora	 (Nicolson	
&	Gerdermann)	Walker	&	Sanders	(Gigasporaceae)	spores	originally	
sourced	from	P-	fertilized	pasture	in	Badgingarra,	Western	Australia.	










































seedlings.	 This	 filtrate	 contained	 the	 previously	 sieved,	 but	 au-
toclaved	 AMF	 inoculum	 (i.e.,	 1	 part	 autoclaved	 inoculum:	 9	 parts	
pasteurized	 field	 soil).	By	 autoclaving	 the	 inoculum,	we	prevented	
transferring	AMF	to	non-	AMF	treatments.
2.4 | Plant growth and harvest
Microcosms	were	 grown	 in	 the	 glasshouse	 from	24th	 June	2011.	
The	 mean	 glasshouse	 temperature	 during	 the	 experiment	 was	
17.2°C	(range	8.3–34.3°C),	the	relative	humidity	was	52.1%,	and	the	
glasshouse	permitted	ambient	light.	The	growing	conditions	in	the	









tradeoff	with	 this	 decision	was	 that	Bromus	 seedlings	 completed	
only	~half	of	their	life	cycle	and	were	shorter	than	the	native	seed-
lings	at	harvest	 (Supporting	Information	Figure	S2B,C).	Therefore,	
Bromus	 did	 not	 reduce	 light	 availability	 to	 native	 seedlings	 in	 the	






and	 the	 native	 seedlings	 (Supporting	 Information	 Figure	 S2B,C).	





plant.	A	subsample	of	 fine	 roots	were	cut	and	stored	 in	50%	 (v/v)	
ethanol	pending	assessment	of	AMF	colonization.	The	root	subsa-
mples	were	 cleared	with	 10%	KOH	 for	 1	week	 at	 room	 tempera-








all	 plant	 species;	 the	 number	 of	 root	 nodules	 on	 the	 two	 Acacia 
species;	 the	 percentage	 root	 length	 colonized	 by	 AMF	 for	Acacia 
species,	 four	myrtaceous	 species	 and	Bromus;	 and	 the	 number	 of	
clusters	 for	 the	 two	 Hakea	 species	 (Proteaceae).	 Main	 and	 inter-
active	 effects	 of	 fixed	 factors	 and	Bromus	 (two	 levels:	 present	 or	
absent)	 and	 soil	 treatment	 (four	 levels:	 +AMF+Rhiz,	 +AMF−Rhiz,	






assumptions	were	not	met.	Nodule	data	for	Acacia microbotrya did 
not	 conform	 to	 normality	 with	 transformation	 and	 instead	 were	
analyzed	 using	 glmer	 ()	 function	 with	 family	=	“poisson.”	 Tukey’s	
post	hoc	tests	were	performed	for	pairwise	analyses	between	the	




Wickham,	2009),	 “Rmisc”	 (Hope,	2013),	and	 “multcomp”	 (Hothorn,	
Bretz,	&	Westfall,	2008)	packages.
We	derived	mycorrhizal	dependency	values	for	the	species	with	
mycorrhizal	 associations.	Dependency	 values	were	 defined	 as	 the	
relationship	 between	 the	 dry	 mass	 of	 plants	 inoculated	 with	 my-
corrhiza	 and	 the	 dry	 mass	 of	 uninoculated	 plants;	 a	 dependency	
value	of	>0	indicated	that	plants	benefit	from	the	association	(after	
Gerdemann,	 1975).	 The	 mycorrhizal	 dependency	 (MD)	 was	 cal-
culated	 for	 each	 species	 using	 the	 formula	MD	 (%)	=	(DW	 of	my-
corrhizal	 plant	−	DW	 of	 noninoculated	 plant)/DW	 of	 mycorrhizal	






















We	 hypothesized	 that	 the	 two	 Acacia	 species	 and	 four	 myrta-
ceous	 species	 would	 perform	 better	 with	 access	 to	 their	 plant	
root	symbiont/s	 (i.e.,	 in	the	+AMF+Rhiz	and	the	+AMF−Rhiz	soil	
treatments,	 respectively)	 and	 that	 the	 two	 proteaceous	 species	
would	perform	better	in	the	−AMF−Rhiz	soil	treatment.	We	found	
that	plant	root	symbionts,	specifically	treatments	with	AMF	(i.e.,	
+AMF+Rhiz,	 +AMF−Rhiz),	 had	 a	 significantly	 positive	 effect	 on	
shoot	 biomass	 of	 the	 two	 Acacia	 species,	 especially	 A. acumi-
nata	 (effect	 size	=	2.124,	 t = 0.434,	p < 0.01;	 effect	 size	=	2.619,	
t = 0.434,	 p < 0.01,	 respectively)	 (Supporting	 Information	 Table	
S2,	Figure	1a,b).	A	similar	trend	was	found	for	root	biomass	of	both	
species,	 especially	 A. acuminata	 (effect	 size	=	0.869,	 t = 0.164,	
p < 0.01;	 effect	 size	=	1.148,	 t = 0.164,	 p < 0.01,	 respectively)	
(Supporting	 Information	Table	S2,	Figure	1e,f)	as	compared	with	
the	treatment	with	−AMF−Rhiz	and	no	Bromus added. This result 
suggested	that	AMF	has	a	stronger	positive	effect	on	growth	of	
acacias	 than	 rhizobia,	 at	 least	 in	 these	 microcosms.	 However,	
the	 positive	 effect	 of	 root	 symbionts	 on	 acacia	 shoot	 and	 root	
biomass	 became	 negative	 if	Bromus	 was	 present,	 especially	 for	
A. acuminata	 (effect	 size	=	−1.373,	 t = 0.614,	 p < 0.05;	 effect	
size	=	−0.577,	 t = 0.232,	 p < 0.05,	 respectively).	 This	 result	 indi-
cated	an	overriding	negative	effect	of	the	invader	on	acacia	bio-
mass	(Supporting	Information	Table	S2).	For	Eucalyptus astringens 
root	biomass	+AMF−Rhiz	(effect	size	=	−1.573,	t = 0.501,	p < 0.05)	
and	 −AMF+Rhiz	 (effect	 size	=	−1.148,	 t = 0.501,	 p < 0.05)	 treat-
ments	as	well	as	Bromus	addition	(effect	size	=	−1.163,	t = 0.501,	
p < 0.05)	 to	 microcosms	 had	 a	 significant	 negative	 effect,	 and	
this	 trend,	 although	 not	 significant,	was	 similar	 for	E. astringens 
shoot	 biomass	 (Supporting	 Information	 Table	 S2,	 Figure	2a,b).	
Bromus	 addition	 to	 +AMF+Rhiz	 treatment	 also	 had	 a	 nega-
tive	 effect	 on	C. phoenicus	 shoot	 biomass	 (effect	 size	=	−0.860,	
t = 0.411,	p < 0.05)	 (Supporting	Information	Table	S2,	Figure	3d).	
Similarly,	but	without	Bromus	addition,	+AMF+Rhiz	treatment	had	
a	negative	effect	on	both	 shoot	 and	 root	biomass	of	Eucalyptus 
loxophleba	 (Figure	2d,e),	 C. quadrifidus	 (Figure	3a,b),	 H. lissocar-
pha	 (Supporting	 Information	 Table	 S2,	 Figure	4d,e).	Hakea pros-
trata	grew	similarly	 in	all	soil	 treatments,	 irrespective	of	Bromus 
(Figure	4a,b).	 Comparably,	Bromus	 grew	 similarly	 in	microcosms	
irrespective	of	 soil	 treatment	 (Supporting	 Information	Table	S2,	
Figure	5a,b).
3.2 | AMF colonization, root nodules, and 
root clusters
We	 hypothesized	 that	 AMF	 and	 rhizobia	 will	 be	 beneficial	 to	
Fabaceae	 and	 Myrtaceae	 in	 resisting	 the	 Bromus diandrus	 inva-
sion,	 whereas	 not	 affect	 Proteaceae	 response	 to	 invasion	 in	 our	
experimental	 microcosms.	 We	 found	 that	 soil	 treatments	 with	
rhizobia	(i.e.,	+AMF+Rhiz	and	−AMF+Rhiz)	had	a	strong	positive	ef-
fect	on	 the	number	of	 root	nodules	 in	A. acuminata,	 and	 the	posi-
tive	effect	was	stronger	in	the	absence	of	AMF	(effect	size	=	3.320,	
t = 1.006,	 p < 0.05).	 However,	 with	 the	 addition	 of	 Bromus	 to	 mi-
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on	 rhizobial	 nodulation	 (effect	 size	=	3.509,	 t	=	0.720,	 p	<	0.01)	
(Supporting	Information	Table	S2,	Figure	1h).
The	+AMF+Rhiz	treatment	had	a	significantly	negative	effect	on	
AMF	 percent	 colonization	 in	 roots	 of	E. astringens	 compared	with	
−AMF−Rhiz	 (effect	 size	=	−15.64,	 t	=	6.019,	 p	<	0.05)	 (Supporting	
Information	Table	S2,	Figure	2c),	 irrespective	of	Bromus	 treatment.	
Similarly,	the	+AMF+Rhiz	treatment	had	a	negative	effect	on	AMF	
percent	 colonization	 of	 Bromus	 (effect	 size	=	−1.175,	 t	=	0.187,	
p	<	0.01)	(Supporting	Information	Table	S2,	Figure	5c).
AMF	 percent	 colonization	 in	 roots	 of	 E. loxophleba	 (Figure	2f),	
C. quadrifidus	 (Figure	3c),	 and	 C. phoenicus	 (Figure	3f)	 was	 similar	
irrespective	of	 soil	 treatment	and	Bromus	 addition	as	well	 as	 their	
interactions	 (Supporting	 Information	 Table	 S2).	 Similarly,	 Hakea 
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prostrata	 and	H. lissocarpha	 formed	 a	 similar	 number	 of	 root	 clus-
ters	irrespective	of	soil	treatment	or	Bromus	treatment	(Supporting	
Information	Table	S2,	Figure	4c,f,	respectively).
Acacia acuminata,	 A. microbotrya,	 C. quadrifidus, C. phoenicus,	
and	 E. loxophleba	 had	 a	 positive	 AMF	 dependency,	 whereas	 E. as-






in	 the	 −AMF+Rhiz	 and	 −AMF−Rhiz	 treatments.	We	 did,	 however,	
detect	one	 root	nodule	on	each	of	 two	A. acuminata	 plants	 grow-




Plant	 species	 coexistence	 is	mediated	 by	 negative	 feedbacks	 that	
promote	 cooccurrence	 of	multiple	 species	 and	 ultimately	 contrib-
utes	to	species	richness	and	ecosystem	stability	in	plant	communi-
ties	(Bever,	Platt,	&	Morton,	2012;	Mack	&	Bever,	2014;	Petermann,	












stability,	 species	diversity	 as	well	 as	 ecosystem	 invasibility	 (Bever,	
Mangan,	 &	 Alexander,	 2015;	 Callaway	 et	al.,	 2004;	 Dawson	 &	
Schrama,	2016;	Klironomos	et	al.,	2011;	Pringle	et	al.,	2009;	van	der	
Putten	et	al.,	2013).	In	this	study,	our	hypothesis	was	that	the	pres-





itive	 advantage	 (i.e.,	 increased	 biomass)	 to	 the	 acacias	 (Fabaceae),	
had	little	to	no	effect	on	four	species	of	Myrtaceae,	and	had	a	neg-














provide	 greater	 benefits	 during	 seedling	 establishment	 (but	 see	
Standish	 et	al.,	 2007),	 whereas	 ECM	 are	more	 prominent	 in	 adult	
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trees	(Adams,	Reddell,	Webb,	&	Shipton,	2006;	Chen,	Brundrett,	&	
Dell,	2000).	Here,	we	found,	that	+AMF+Rhiz	treatment	had	a	no-
table	 negative	 effect	 on	AMF	percent	 colonization	 in	E. astringens 
roots.	 This	 result	 suggests	 that	 despite	 the	 AMF	 presence	 in	 soil	
inoculum,	E. astringens	had	 low	AMF	colonization.	ECM	tend	to	be	
ubiquitous	 in	Eucalyptus	 tree	 roots	 (Kariman	et	al.,	 2012)	 and	may	
have	been	present	in	our	experimental	plants;	however,	we	did	not	
quantify	 them.	 Taken	 together,	 the	 life-	stage-	dependent	 shifts	 in	










Overall,	 addition	of	Bromus	 to	microcosms	 affected	 the	native	
plant	 biomass	 and	 belowground	 root	 symbionts,	 suggesting	 a	 be-
lowground	effect	of	Bromus.	Notably,	for	one	species,	A. acuminata,	
the	plant	biomass	and	the	number	of	root	nodules	were	significantly	
reduced	 when	 the	 microcosms	 were	 invaded	 with	 Bromus,	 while	




In	 the	 same	 treatment,	 AMF	 percent	 colonization	 in	 Bromus was 
F IGURE  4 Plant	performance	data	for	Hakea prostrata	(a-c)	and	H. lissocarpha	(d-f)	(Proteaceae).	Data	are	means	±	SE.	Clusters	are	
bottlebrush-	like	structures	on	roots.	Different	letters	(underlined)	above	the	bars	indicate	significant	differences	between	treatment	means	
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significantly	 reduced,	 suggesting	 a	 possible	 belowground	 com-




















In	conclusion,	our	 study	highlights	 largely	 functional-	type	spe-





are	 less	 or	 not	 dependent	 on	AMF	and	 rhizobia	 for	 plant	 growth.	
Here,	 we	 showed	 that	 Bromus	 invasion	 disrupted	 the	 mutualisms	
and	 altered	 the	 belowground	 dynamics	 in	 Fabaceae	 by	 affecting	
nodulation	and	increasing	mycorrhizal	colonization	(Hale,	Lapointe,	
&	Kalisz,	2016).
Our	 results	 demonstrate	 that	 it	 is	 important	 to	 study	 plant	
competition	from	belowground	as	well	as	aboveground	perspec-








our	data	suggest	 that	 it	 is	 important	 to	 remain	cognisant	of	 the	
likely	interactions	occurring	belowground	even	if	effects	are	not	
apparent	 aboveground.	 For	 example,	 there	 could	 be	 potentially	
negative	 effects	 of	missing	 soil	 biota	 on	 plant	 interactions	 and	
ultimate	 restoration	 outcomes	 (Lin	 et	al.,	 2015).	 A	 more	 sur-
prising	result	was	the	stimulating	effect	of	Bromus	on	root	nod-
ule	 production	 in	 Acacia microbotrya	 and	 AMF	 colonization	 in	
A. acuminata.	 This	 result	 adds	 yet	 another	 possible	 interaction	
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